In this paper, fractional order proportional-integral-differential (FOPID) controller is employed in the design of thyristor controlled series capacitor (TCSC)-based damping controller in coordination with the secondary integral controller as automatic generation control (AGC) loop. In doing so, the contribution of the TCSC in tie-line power exchange is extracted mathematically for small load disturbance. Adjustable parameters of the proposed FOPID-based TCSC damping controller and the AGC loop are optimized concurrently via an improved particle swarm optimization (IPSO) algorithm which is reinforced by chaotic parameter and crossover operator to obtain a globally optimal solution. The powerful FOMCON toolbox is used along with MATLAB for handling fractional order modeling and control. An interconnected multi-source power system is simulated regarding the physical constraints of generation rate constraint (GRC) nonlinearity and governor dead band (GDB) effect. Simulation results using FOMCON toolbox demonstrate that the proposed FOPID-based TCSC damping controller achieves the greatest dynamic performance under different load perturbation patterns in comparison with phase lead-lag and classical PID-based TCSC damping controllers, all in coordination with the integral AGC. Moreover, sensitivity analyses are performed to show the robustness of the proposed controller under various uncertainty scenarios.
Introduction
Lately, fractional calculus has received considerable attention in engineering researches with a growing interest in applying fractional order controllers (FOC) [1] . Fractional calculus extends the ordinary differential equations to fractional order differential equations, i.e. those having non-integer powers of differentials and integrals. Fractional order proportional-integral-differential (FOPID) is a generalization of integer order PID (IOPID) controller employing fractional calculus. The FOPID controller, so-called PI k D l , is a popular and suitable fractional order structure that has been investigated comprehensively in recent literature [2] due to its flexibility to satisfy design specifications and hence to control a system in a wide dynamic range. Fractional calculus can comprise both modeling of a system with fractional order dynamics and performance control of linear dynamic systems by the FOC [3] . The design of an FOPID controller involves finding of proportional gain, integrating gain, differential gain, integrating and differential orders which are not necessarily integer. Different evolutionary algorithms such as bacterial foraging [4], nondominated sorting genetic algorithm II (NSGA II) [5], particle swarm optimization (PSO) [6] , and chaotic ant swarm (CAS) algorithm [7, 8] are used in tuning of the FOPID controllers. Recently, utilizing FOCs, especially the FOPID controller, have received more attentions in electrical power engineering topics for power system control objectives due to the progresses in computational power that permits simulation and implementation of the FOC with sufficient accuracy. In [6] [7] [8] , the FOPID controller is used as an automatic voltage regulator (AVR). It has been shown that FOPID controller surpasses IOPID counterpart in improving the system dynamic performance due to its flatness in the phase margin contribution with wider bandwidth. Also, sensitivity analysis shows that the FOPID-based AVR can provide better robustness performance than the classical IOPID under uncertainties in system parameters and wide range of operating conditions [5, 8] .
In automatic generation control (AGC) studies, it is aimed to maintain the frequency and tie-line power deviations as near as possible to the minimal limits or even theoretically, in zero. Different integer order controllers (IOCs) such as the IOPID, proportionalintegral-double differential (PIDD), and integral-double differential (IDD) have been used widely as secondary load frequency controller (LFC) so far [9] [10] [11] . In [4, 12, 13] , the FOPID controller is used as secondary load frequency controller (LFC) in AGC of power system and its dynamic performance is compared with several integer order controllers. It has been demonstrated that the FOCs outperform the IOCs in performance enhancement of the AGC system. The main advantage connected with the FOPID controller is that it contains two more adjustable parameters than the IOPID controller. Due to two more degrees of freedom, the FOPID controller supplies more flexibility and power to realize the design objectives of a control system. Hence, it brings better opportunity to adjust the system dynamics in addition to the less sensitivity to changes in parameters of the controlled system [4, 12, 14] .
Applying flexible alternating current transmission system (FACTS) based controllers in interconnected power systems is an effective solution to improve the dynamic performance of the AGC system [11] . Due to fast dynamic responses, the series FACTS controllers such as thyristor controlled phase shifter (TCPS), static synchronous series compensator (SSSC), and interline power flow controller (IPFC), and thyristor controlled series capacitor (TCSC) have been employed in the tie-line of interconnected power systems to damp the area frequency and tie-line power oscillations [14] [15] [16] . The TCSC is a high-performance and cost-effective series FACTS that has a significant practical background. Recently, a new dynamic modeling and control method of the TCSC applicable in AGC is presented in [15] . It is proved that when the TCSC is added in series with the tie-line along with the AGC, the dynamic performance of the system is improved greatly. In order to implement the TCSC-based damping controller, a 5th order approximation of the Taylor series expansion has been used in [15, 16] . Deciding on an appropriate approximation order is challenging. In fact, a compromise is established between the complication of the controller realization and its accuracy. This can be interpreted as a drawback for the suggested TCSC damping controller since the employed method uses approximation and lacks any precise model for the TCSC damping controller. In [17, 18 ], a precise dynamic modeling and control of the TCSC in the AGC studies have been presented which has some good points over the approximated method. However, the contribution of the TCSC in the tie-line power flow exchange has not been presented independently. In the current paper, an attempt is made to present a new dynamic model and control method for the TCSC in which the tie-line power flow exchange is stated clearly in the mathematical formulations with and without the TCSC.
Literature survey shows that the FOCs have not been employed in the design of any FACTS-based damping controllers applicable in the frequency control studies, till now. Often, the phase lead-lag structure has been used in the design of the FACTS-based damping controllers [15, 16, 19] . So, employing of the FOPID in the proposed TCSC damping controller is a new idea which is going to be investigated in this paper. The proposed FOPID-based TCSC damping controller in coordination with AGC loop can participate effectively in damping of the area frequency and tie-line power oscillations in an interconnected power system. Regarding above survey, the main contributions of this paper can be listed as: (iv) The proposed controller is optimized using an improved PSO algorithm which is reinforced by chaotic parameter and crossover operator to obtain global optimal solution. (v) The proposed control strategy is evaluated on an interconnected multi-source power system in which the physical constraints of the GRC nonlinearity and GDB effect is taken into account for a challenging realization. (vi) The dynamic performance of the proposed controller is compared with the PID and phase lead-lag type counterparts under step, sinusoidal and random load perturbation patterns. (vii) Sensitivity analyses are performed to show the robustness of the proposed controller under wide range of operating conditions and various uncertainty scenarios.
Investigated power system
The case study is a two-area interconnected multi-source power system with reheat thermal, hydro, and gas generations in each control area [11] . Fig. 1 depicts the transfer function model of the power system. The parameters of hydro, reheat thermal, and gas units are described in Fig. 1 and are given in [15] . The physical constraints of generation rate constraint (GRC) nonlinearity and governor dead-band (GDB) effect should be taken into account to challenge the effectiveness of any employed controller and to obtain precise and realistic results [10] . The GDB and GRC restrict the instantaneous reaction of the generators to modify disturbances. In order to obtain an accurate realization and valid insight of the AGC problem, it is important to take into consideration the multi-source power generations in each control area and the physical constraints in the thermal and hydro units [10, 11, 14, 20] .
A review of fractional calculus
Fractional calculus is a generalization of integer order integral and differential to a fractional order operator a D a t where a and t denote the limits of the operation and a denotes the fractional order which is a complex number [1] . The fractional order operator is defined as:
There are various definitions and approximations for fractional derivative and integral such as the Grunwald-Letnikov definition, the Riemann-Liouville (R-L) definition, the Caputo definition, the Carlson approximation, the Matsuda approximation, and continued fraction expansion (CFE) method [2, 5] . For example, the widely used R-L definition for fractional order differential is given by 
where n À 1 > a P n; n is an integer number, and C(Á) For simplicity, Laplace transform is routinely employed to explain the fractional or integer order differentiation. For fractional order of a (0 < a < 1) in general, the Laplace transformation of the R-L fractional derivative or integral is given by:
